A new approach to detect Holocene subduction-zone earthquakes combines the results from ground-penetrating radar (GPR), Vibracores, and accelerator mass spectrometry (AMS) dates from a barrier spit located west of Willapa Bay, southwest Washington. GPR data show a 10-m-thick facies of beach sand within which we identify, and Vibracores confirm, beach-parallel, wave-eroded, buried scarps mantled with multiple beds of magnetite. The eight GPR-detected buried scarps are interpreted to be eroded by minor transgressions caused by instantaneous barrier subsidence during earthquakes associated with the Juan de Fuca plate subducting under the North American plate. Of these scarps, four have been AMS dated at 300, 1110, 2540, and 4250 (radiocarbon) yr B
INTRODUCTION
The need for new approaches to determine age and frequency of past coastal subsidence and associated great earthquakes (Ͼ M w 8.0) is a major problem facing earth scientists working along the subduction zone of British Columbia, Washington, Oregon, and California. If we know the age and frequency of subsidence events, the public can be made aware that they have occurred in the past and will likely occur in the future. At present, three terrestrial means of identifying and dating past earthquakes are available: (1) paleosols and buried trees in growth position, (2) sand intrusions, and (3) tsunami-deposited sand. We present a new approach for identifying paleoseismic events which corroborates with and appears to extend beyond the published data.
The Willapa barrier is 38 km long by 2 to 3.5 km wide and begins from a bedrock headland 6 km north of the Columbia River mouth (Fig. 1B) . The Columbia River discharges on average 1.27 Mt of bed load annually and is the main source of sand for the Willapa barrier (Ballard, 1964) . The barrier sand consists of heavy minerals that include opaques (magnetite and ilmenite), hypersthene, hornblende, and augite; quartz is the dominant light mineral (Li and Komar, 1992) . The barrier has at least a 60-m-thick fresh-water aquifer, a necessary component for ground-penetrating radar (GPR) surveys in coastal settings, because saline and brackish ground water causes radar signal loss (Jol et al., 1996) .
The Willapa barrier spit is located near where the Juan de Fuca plate slides, at an average rate of 4 cm/yr, beneath the North American plate ( Fig. 1A ; Atwater, 1987) . Plate subduction is a necessary requirement for sudden episodic coseismic submergence followed by a gradual emergence (Plafker, 1972) .
GROUND-PENETRATING RADAR AND VIBRACORING
Ground-penetrating radar (GPR) can image sedimentary structures, grain-size changes, density variations, and some mineralogy types. Therefore, radar reflections can be used to reconstruct ancient depositional and geomorphic processes. GPR transmits a high-frequency electromagnetic (EM) pulse of energy into the ground. The signal radiates downward, and at sediment interfaces some of the energy reflects back to the surface. At the surface, the reflected signal is detected by a receiver, amplified, and digitized, and stored as a function of time elapsed. Several publications summarize GPR principles and theory (Ulriksen, 1982; Davis and Annan, 1989) .
We used a pulseEKKO IV radar system. Profiles were processed and plotted (wiggle trace format) using pulseEKKO IV software (version 4.0) with an automatic gain control or constant gain.
Using six nearly complete cross-barrier GPR surveys, we selected specific sites for trenching and Vibracoring. Vibracoring equipment and methodology were explained by Smith (1984) .
BURIED EROSIONAL SCARPS AND HEAVY MINERAL BEDS
The cross-barrier GPR profiles show a 6 -10-m-thick zone of shingled, westwarddipping (1Њ-2Њ), inclined reflections ( Fig. 2 ; Meyers, 1994) . The inclined reflections match the dip angle of the beach surface surveyed during the winter storm season; therefore, the reflections are interpreted as paleostorm beach surfaces. On the basis of previous experience, we believe that the GPR is imaging bedding planes of slight variations in grain size, compaction, or mineralogy caused by erosive storm activity.
Within the cross-barrier radar profiles, eight shore-parallel, unique reflection patterns were imaged. Because the unique patterns have concave geometries similar to erosive scarps on active beaches, we call them buried scarps. The buried scarps begin at or near the surface as concave, steeper dipping reflections (as much as 7Њ) that truncate the 1Њ-2Њ beach reflections. Scarp reflections commonly extend to a depth of 6 m, at which point they flatten to 1Њ-2Њ slopes, the same angle as the winter beach-face and typical beach-face radar reflections. Reflections commonly continue horizontally 75 m seaward, reaching a final depth of 9 to 10 m.
At sites that contain unique reflections, Vibracores and trenches encountered, at radar-predicted depths, highly concentrated beds of heavy minerals, dominantly magnetite (Fig. 3) . Individual magnetite beds have erosional bases, commonly grade upward into typically quartz-rich sand, and vary in thickness from 0.2 to 40 cm. Buried scarp number 4 located on the west side of Loomis Lake has several heavy-mineral beds; one is 25 cm thick (Fig. 4) and consists of 90% heavy minerals and 10% light minerals, in contrast to the present beach sand, which consists of 93% light minerals and 7% heavy minerals (Li and Komar, 1992) . When Vibracores were taken where scarp reflections were absent, no magnetite beds were encountered.
INTERPRETATION AND DISCUSSION
Formation of buried scarps and associated heavy mineral beds is most likely a result of erosional events. The most probable geomorphic processes include tsunamis, exceptionally large storm waves, or storm waves impacting a subsided coast.
The possibility of tsunamis impacting the Willapa barrier is plausible, given the proximity of the Cascadia subduction zone, the narrow nature of the continental shelf, and sedimentologic evidence for sites in Willapa Bay (Atwater, 1987 (Atwater, , 1992 . However, tsunamis generally lack the duration or number of waves to greatly modify the shoreline, and historic tsunamis appear to have caused minimal geomorphic change to other coasts of the world (Atwater, 1994, personal commun.) . Therefore, it is unlikely that the scarps were eroded by tsunamis.
Storm waves have the potential to erode sandy coasts. Though storms occur on the Willapa barrier, we do not believe that such events are the primary cause of the scarps. This conclusion is based on the fact that no scarps younger than 300 yr appear in the beach sediment, though numerous large storms have impacted the beach in this time period.
We hypothesize earthquake-associated land subsidence coupled with normal wave action as the cause of the scarps (Fig. 5) . Evidence of subsidence, in the form of buried marshes and drowned forests, has been reported by researchers in coastal British Columbia, Washington, Oregon, and California (Atwater, 1987 (Atwater, , 1992 Atwater and Yamaguchi, 1991; Peterson, 1990, 1995) . Subsidence occurs in association with great thrust earthquakes along the boundary between the Juan de Fuca and North American crustal plates (the Cascadia subduction zone).
Coastal subsidence was observed in association with the 1946 Nankaido earthquake, Japan (Fitch and Scholz, 1971) , the 1960 Chile earthquake (Plafker and Savage, 1970) , and the 1964 Alaska earthquake (Savage and Hastie, 1966; Plafker, 1972) . Over time, the coasts gradually rebound due to recoupling of the plates. At the Willapa barrier, the scarps are buried and preserved because sediment from the Columbia River, via longshore drift, continues to prograde the beach. Therefore, we suggest that the eight buried, shore-parallel scarps resulted from minor transgressions due to coastal subsidence. 
OUR DATES COMPARED WITH OTHER PUBLISHED DATES
Four wood fragment and charcoal samples found in Vibracores taken from scarps 1, 2, 4, and 6 (1 is the youngest; Fig. 1 ) were dated by accelerator mass spectrometry (AMS) at 300, 1110, 2540, and 4250 yr B.P., respectively (Table 1) . Unfortunately, we were unable to locate datable material for the subsidence-transgressive events between 1110 and 2540 yr B.P. (scarp 3), 2540 and 4250 yr B.P. (scarp 5), and the two events older than 4250 yr B.P. (scarps 7 and 8) . However, given their geographic position, we interpolate and extrapolate dates of 1.8, 3.4, 5.0, and 5.8 ka B.P. Scarps 3 and 5 are mean value interpolations from bracketing dates, whereas scarps 7 and 8 were dated by extrapolating from the previous six events.
A comparison of our dates with other published dates shows nearly perfect agreement for the 300 and 1110 yr B.P. events (Table 2 ). The dates on the next three older events, both AMS and interpolated, compare closely to the few published dates on older subsidence events from northern Oregon. Finally, we have found three additional older events. Time between our subsidence-transgressive events ranges from 715 to 855 yr, suggesting cyclic behavior. However, recurrence intervals of 200 -600 yr have been suggested for the north Oregon coast by Darienzo and Peterson (1995) . A number of possible explanations for these different recurrence intervals are the fact that the GPR record of beach response to subsidence might fail to show minor subsidence events (Ͻ1 m) and would not show events where erosional scarps are themselves entirely eroded by successive retreat events. In addition, the differences that occur may be due to the uncertainties associated with radiocarbon dating. In spite of these uncertainties, our results provide a new approach for coseismic subsidence re- search and have detected three coseismic subsidence events older than any previously reported.
CONCLUSIONS GPR, combined with Vibracoring and AMS dating, can be used to detect and date subsidence-induced wave-eroded buried scarps that consist of beds of highly concentrated magnetite. This new approach provides an alternative method to determine age and frequency of coseismic subsidence associated with subduction earthquakes for the Willapa barrier during the late Holocene. Our results on the five youngest events agree with other published research from nearby. In addition, we have detected three unreported older subsidence events. Subsidence occurred at least eight times in the past 5800 yr (the ages of the last two scarp-forming events are speculative but older than 4250 yr B.P.).
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